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Pulmonary hypertension is a severe and progressive disease, a key feature of which is pulmonary vascular
remodeling. Several growth factors, including EGF, PDGF, and TGF-f1, are involved in pulmonary vascular
remodeling during pulmonary hypertension. However, increased knowledge of the downstream signaling cas-
cades is needed if effective clinical interventions are to be developed. In this context, calpain provides an inter-
esting candidate therapeutic target, since it is activated by EGF and PDGF and has been reported to activate
TGF-P1. Thus, in this study, we examined the role of calpain in pulmonary vascular remodeling in two rodent
models of pulmonary hypertension. These data showed that attenuated calpain activity in calpain-knockout
mice or rats treated with a calpain inhibitor resulted in prevention of increased right ventricular systolic pres-
sure, right ventricular hypertrophy, as well as collagen deposition and thickening of pulmonary arterioles in
models of hypoxia- and monocrotaline-induced pulmonary hypertension. Additionally, inhibition of calpain
in vitro blocked intracellular activation of TGF-1, which led to attenuated Smad2/3 phosphorylation and
collagen synthesis. Finally, smooth muscle cells of pulmonary arterioles from patients with pulmonary arte-
rial hypertension showed higher levels of calpain activation and intracellular active TGF-f3. Our data provide
evidence that calpain mediates EGF- and PDGF-induced collagen synthesis and proliferation of pulmonary

artery smooth muscle cells via an intracrine TGF-f1 pathway in pulmonary hypertension.

Introduction
Pulmonary hypertension is a severe and progressive disease char-
acterized by increased pulmonary vascular resistance leading to
right heart failure and death (1-3). Pulmonary vascular remodel-
ingis an important common pathological feature of all categories
of pulmonary hypertension. Accumulation of extracellular matrix,
including collagen, and vascular smooth muscle cell proliferation
and hypertrophy contribute to medial hypertrophy and muscular-
ization, leading to obliteration of precapillary pulmonary arteries
and sustained elevation of pulmonary arterial pressure (3, 4).
Several growth factors, including EGF, PDGF, and TGF-$1, par-
ticipate in the process of pulmonary vascular remodeling in patients
with pulmonary hypertension and in animal models (2, 5-8).
For example, expression of EGF or its receptor EGFR are increased
in animal models of monocrotaline- (MCT-) and hypoxia-induced
pulmonary hypertension and in humans with pulmonary hyper-
tension (8-10). Blockade of EGFR results in reductions in pulmo-
nary pressure, right ventricular hypertrophy, and distal arterial
muscularization in MCT-induced pulmonary hypertension (11).
Moreover, PDGF and its receptor are upregulated in pulmonary
arteries of patients with pulmonary hypertension (12, 13) and
rodents exposed to chronic hypoxia and MCT (7, 14, 15). PDGF
receptor antagonists not only prevent, but also reverse, increased
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right ventricular pressure and pulmonary vascular changes induced
by hypoxia and MCT (13). Furthermore, the TGF-f1/Smad path-
way is activated in animals with MCT- and hypoxia-induced pul-
monary hypertension (6, 7) and in patients with pulmonary arterial
hypertension (16). Inhibition of TGF-B1 signaling attenuates pul-
monary vascular remodeling and elevated right ventricular pressure
in animal models (6, 17, 18). Moreover, there is evidence of imbal-
anced TGF-f signaling in human pulmonary arterial hypertension
(19). Despite these overwhelming data, approaches for intervention
targeting these growth factors are limited, because the downstream
signaling pathways originating from the activation of these growth
factor receptors have not been fully characterized.

Calpain is a family of calcium-dependent, non-lysosomal neu-
tral cysteine endopeptidases (20). There are at least 15 isozymes in
the family (21, 22). Calpain-1 and calpain-2 are two major typical
calpains. Calpain-1 and calpain-2 isoforms consist of a distinct larg-
er catalytic subunit (about 80 kDa) and a common smaller subunit
(about 30 kDa: calpain-4) that helps maintain calpain activity (23, 24).
Calpastatin functions as the major specific endogenous inhibitor for
calpain-1 and calpain-2 (20, 25, 26). Activation of calpain involves
calcium, phospholipid binding, release of calpain from its inhibi-
tor calpastatin, binding of activator proteins, and phosphorylation
(27). Binding of phospholipids may decrease the Ca?" requirement
for calpain-2 activation (28). Calpain plays an important role in cell
proliferation, migration, and differentiation of endothelial cells,
fibroblasts, myoblasts, and cancerous cells through an unknown
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mechanism (29-32). EGF and PDGF can activate calpain-1 and cal-
pain-2 via increased intracellular Ca?* and MAP kinase activation
(33-35). Recently, Gressner et al. reported that calpain can cause
activation of TGF-f} through an unknown mechanism (36). Because
proliferation of vascular smooth muscle cells and overproduction of
extracellular matrix, including collagen, are important pathological
processes in pulmonary vascular remodeling (37-41), we hypoth-
esize that calpain plays a role in collagen synthesis and cell prolifera-
tion of pulmonary artery smooth muscle cells (PASMCs) induced by
growth factors in pulmonary hypertension.

In the present study, we demonstrate that calpain mediates
collagen synthesis induced by EGF and PDGF via activation of
intracellular TGF-f1. We found for the first time to our knowledge
that conditional knockout of calpain prevents pulmonary vascu-
lar remodeling in hypoxia-induced pulmonary hypertension. More
importantly, our data show that the calpain inhibitor MDL28170
prevents the progression of established pulmonary hypertension
induced by MCT. These observations indicate that calpain in pul-
monary vascular smooth muscle might be a novel target for inter-
vention in pulmonary hypertension.

Results

Protein levels of calpain-1, calpain-2, calpain-4, calpastatin, SBDP,
p-Smad2/3, total Smad2/3, and collagen L'in the lungs of ER-Cre*/-Capn4/f
mutant and control mice exposed to normoxia and chronic hypoxia. Our
goal in the present study was to determine the role of calpain in
pulmonary vascular remodeling during pulmonary hypertension.
To do this, we took advantage of the ER-Cre*/-Capn4"/fl mutant
mouse model. This model allows us to conditionally knock out the
calpain-4 gene with administration of tamoxifen. Because calpain-4
is required for activity of calpain-1 and calpain-2, this model
allows us to examine the effects of loss of calpain activity during
normal and hypoxic conditions. Control and ER-Cre”-Capn4"f!
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Figure 1

Protein content of calpain-1, calpain-2, calpain-4, calpastatin, p-Smad2/3,
total Smad2/3, and collagen | in the lungs of ER-Cre*-Capn4f and con-
trol mice exposed to normoxia and chronic hypoxia. Five days after the
regimen of tamoxifen administration, control and ER-Cre*-Capn4" mice
were exposed to room air (normoxia) or 10% oxygen (hypoxia) for 3 weeks.
Then protein content of calpain-1, calpain-2, calpain-4, calpastatin,
p-Smad?2/3, total Smad2/3, and collagen | in lung homogenates was
analyzed using Western blot analysis. (A) Representative immunoblots
from 8 experiments. (B—D) Changes in calpain-1, calpain-2, calpain-4,
calpastatin, spectrin, p-Smad2/3, total Smad2/3, and collagen | quanti-
fied by scanning densitometry. Results are expressed as mean + SEM;
n = 8 experiments. *P < 0.05 versus control.

mutant mice were treated with tamoxifen for 5 days, as described
in Methods, and were then exposed to room air (normoxia) or
10% oxygen (hypoxia) for 3 weeks. As shown in Figure 1, A-D,
the protein levels of calpain-1, calpain-2, p-Smad2/3, and colla-
gen I in lungs of control mice increased during hypoxia. More-
over, the level of spectrin breakdown product (SBDP), a specific
calpain degradation product, in the smooth muscle layer of pul-
monary arterioles was also increased during hypoxia in control
mice (Figure 2A), suggesting that hypoxia induced calpain acti-
vation in muscular pulmonary arteries. The protein levels of cal-
pain-1, calpain-2, and calpain-4 were much lower in the lungs of
ER-Cre*/~Capn4//f' than in control mice (Figure 1). Additionally,
calpain-4 protein levels were much lower in the smooth muscle
layer of pulmonary arterioles of ER-Cre*/-Capn4/ than in control
mice (Supplemental Figure 1; supplemental material available
online with this article; doi:10.1172/JCIS7734DS1) as were levels
of the floxed CAPN4"Z allele in the lungs (Supplemental Figure
2), indicating that deletion of the calpain-4 gene was successfully
induced by tamoxifen. Knockout of calpain-4 did not affect the
protein levels of calpastatin, p-Smad2/3, total Smad2/3, and col-
lagen I under normoxic conditions (Figure 1). However, knockout
of calpain-4 decreased SBDP in the smooth muscle layer of pulmo-
nary arterioles and prevented hypoxia-induced increases in SBDP
in the smooth muscle layer of pulmonary arterioles of ER-Cre*/~
Capn4"/ mice (Figure 2A), showing that calpain-4-knockout mice
had impaired hypoxia-induced calpain activation. More impor-
tantly, inhibition of calpain activation prevented hypoxia-induced
increases in the protein levels of calpain-1, calpain-2, collagen I,
and p-Smad2/3 in ER-Cre"-Capn4"f mutant mice (Figure 1). These
data indicated that inhibition of calpain using conditional knock-
out of calpain-4 prevents collagen I accumulation and Smad2/3
phosphorylation in hypoxic mouse lungs.

Conditional knockout of calpain-4 attenuates chronic hypoxia-induced
pulmonary hypertension and pulmonary vascular remodeling. As shown
in Figure 3, A and B, right ventricular systolic pressure (RVSP) and
the ratio of the weights of the free wall of the right ventricle to the
weight of wall of left ventricle plus septum (RV/LV+S) were much
higher in control mice exposed to hypoxia than those exposed to
normoxia. However, RVSP and the RV/LV+S ratio were comparable
in ER-Cre”/~Capn4¥# mice exposed to normoxia and those exposed
to hypoxia (Figure 3, A and B). To evaluate pulmonary vascular
remodeling, we determined medial thickness of the pulmonary
arterial walls and level of collagen I protein. As shown in Figure 2B
and Figure 3, C and D, hypoxia for 3 weeks caused significant
increases in thickness of the pulmonary vascular walls and in colla-
gen I protein in the smooth muscle layer of pulmonary arterioles of
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Effects of calpain inhibition by conditional knockout of calpain-4 on SBDP and collagen | in the
smooth muscle of pulmonary arterioles of mice with hypoxic pulmonary hypertension. Five days
after tamoxifen administration, control and ER-Cre+-Capn4"f mice were exposed to room air (nor-
moxia) or 10% oxygen (hypoxia) for 3 weeks. (A) Lung slides from ER-Cre+-Capn4”f and control
mice exposed to normoxia or hypoxia were double stained for a-actin (red) and SBDP (green) and
then counterstained for DAPI. (B) Lung slides from ER-Cre*-Capn4"f and control mice exposed
to normoxia or hypoxia were double stained for a-actin (red) and collagen | (green). Images are
representative of 8 independent experiments. Original magnification, x400.

4550 The Journal of Clinical Investigation  http://www.jci.org ~ Volume 121 ~ Number 11

control mice. Hypoxia failed to increase
medial thickness of the pulmonary vas-
cular walls and expression of collagen I
in the smooth muscle layer of pulmo-
nary arterioles in calpain-4-knockout
mice (Figure 2B and Figure 3, C and D).
Taken together, these results indicate
that inhibition of calpain by conditional
knockout of calpain-4 attenuates hypox-
ia-induced pulmonary hypertension and
pulmonary vascular remodeling.

Alterationsintheamounts of EGF, PDGF-BB,
active TGF-B1, and total TGF-B1 in mouse
lungs of chronic hypoxia-induced pulmo-
nary hypertension. As shown in Supple-
mental Figure 3, A and E, chronic
hypoxia did not affect the lung levels of
EGF and total TGF-pB1 in control and
ER-Cre*/~Capn4"# mice. However, levels of
PDGF-BB and active TGF-B1 were
increased in the lungs of control mice
exposed to chronic hypoxia (Supple-
mental Figure 3, B-D). Conditional
knockout of calpain-4 did not affect the
hypoxia-induced increase in PDGF-BB
content but did prevent hypoxia-induced
increases in active TGF-B1 levels in lungs
of ER-Cre”-Capn4/f mice (Supplemental
Figure 3, B-D), suggesting that knock-
out of calpain-4 prevents activation of
TGF-B1 in hypoxic lungs.

The specific calpain inhibitor MDL28170
prevents progression of MCT-induced pul-
monary hypertension and pulmonary vas-
cular remodeling in rats. To determine
whether inhibition of calpain prevents
progression of established pulmonary
hypertension, we examined the thera-
peutic effect of the specific calpain
inhibitor MDL28170 on pulmonary
vascular remodeling of MCT-induced
pulmonary hypertension in rats. As
shown in Figure 4 and Supplemental
Figure 4, RVSP, RV/LV+S ratio, thick-
ness of pulmonary vascular walls, and
levels of collagen I and SBDP protein in
the smooth muscle layer of pulmonary
arterioles were much higher in MCT-
treated rats than control rats 2 weeks
after injection of MCT, indicating that
pulmonary vascular remodeling and
pulmonary hypertension were estab-
lished. The MCT-treated rats were given
MDL28170 or vehicle at the beginning
of the third week after MCT treatment
(Figure 4E). We found that administra-
tion of MDL28170 to control rats did
not affect RVSP, RV/LV+S ratio, thick-
ness of pulmonary vascular walls, or
level of collagen I protein in the smooth
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Conditional knockout of calpain-4 attenuates chronic hypoxia—induced pulmonary hypertension and pulmonary vascular remodeling. Five days
after tamoxifen administration, control and ER-Cre+-Capn4" mice were exposed to room air (normoxia) or 10% oxygen (hypoxia) for 3 weeks.
Then pulmonary hypertension and pulmonary vascular remodeling were assessed. (A) Changes in RVSP. (B) Changes in RV/LV+S. (C) Rep-
resentative images of lung sections of control and ER-Cre*-Capn4f mice exposed to normoxia or hypoxia. Original magnification, x400. (D)
Changes in ratio of wall area to total vessel area in the lung sections of control and ER-Cre*-Capn4"# mice exposed to normoxia or hypoxia.
Results are expressed as mean + SEM; n = 8 experiments. *P < 0.05 versus normoxia; #*P < 0.05 versus hypoxia group of control mice.

muscle layer of pulmonary arterioles (Figure 4 and Supplemen-
tal Figure 4). On the other hand, RVSP, RV/LV+S ratio, thickness
of pulmonary vascular walls, and levels of collagen I and SBDP
protein in the smooth muscle layer of pulmonary arterioles were
much lower in MCT-treated rats injected with MDL28170 than
those with vehicle injection (Figure 4 and Supplemental Figure
4). These results indicated that MDL28170 inhibits calpain acti-
vation in pulmonary arterioles of MCT-treated rats and prevents
the progression of pulmonary vascular remodeling of established
pulmonary hypertension induced by MCT.

Protein levels of calpain-1, calpain-2, calpain-4, calpastatin, p-Smad2/3,
total Smad2/3, and collagen I in the lungs of MCT-treated, MDL28170-
treated, and control rats. As shown in Supplemental Figure 5, the pro-
tein levels of calpain-1 were slightly higher and the protein levels of
collagen I and p-Smad2/3 were much higher in the lungs of MCT-
treated rats compared with controls. Moreover, the specific calpain
degradation product SBDP was increased in the smooth muscle
layer of pulmonary arterioles in MCT-treated rats (Supplemental
Figure 4B), suggesting that calpain is activated in pulmonary arte-
rioles of MCT-treated rats. Inhibition of calpain using MDL28170
slightly decreased the protein levels of calpain-1 and calpain-2
and did not affect the levels of calpain-4, calpastatin, p-Smad2/3,
total Smad2/3, and collagen I in control rats (Supplemental Fig-
ure 5). However, MDL28170 inhibited the increase in SBDP in the
smooth muscle layer of pulmonary arterioles of MCT-treated rats
(Supplemental Figure 4B). More importantly, inhibition of calpain
activation using MDL28170 ameliorated progressive increases
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in the protein levels of collagen I and p-Smad2/3 in the lungs of
MCT-treated rats (Supplemental Figure 5, A, C,and D). These data
indicated that inhibition of calpain using MDL28170 prevents col-
lagen I accumulation and Smad2/3 phosphorylation in lungs of
rats with MCT-induced pulmonary hypertension.

Alterationsinthe levels of EGE, PDGF-BB, active TGF-B1, and total TGF-B1
in the lungs of MCT- and MDL28170-treated rats. As shown in Sup-
plemental Figure 6, the levels of EGF, PDGF-BB, active TGF-1,
and total TGF-B1 were higher in lungs of MCT-treated rats than
control rats 3 weeks after injection. The magnitude of increase
in active TGF-B1 was higher than that for total TGF-B1, suggest-
ing that activation of TGF-B1 was enhanced in lungs of MCT-
treated rats. Administration of MDL28170 during the third week
did not affect increases in EGF, PDGF-BB, and total TGF-$1 but
inhibited the increase in active TGF-B1 (Supplemental Figure 6),
indicating that inhibition of calpain prevents activation of TGF-1
in lungs of MCT-treated rats.

EGF and PDGF-BB increase calpain activity, collagen synthesis, and
cell proliferation in PASMCs. To determine the mechanism for cal-
pain-mediated pulmonary vascular remodeling, we examined the
effects of EGF and PDGF-BB on calpain activity, collagen synthe-
sis, and cell proliferation in PASMCs. We found that incubation of
cells with EGF and PDGEF-BB for 1 hour induced dose-dependent
increases in calpain activity (Figure 5, A and E). Moreover, incuba-
tion of PASMCs with EGF and PDGF-BB for 24 hours caused dose-
dependent increases in intracellular collagen I protein level, COL1AI
mRNA level, and cell proliferation (Figure 5, B-D and F-H). The
November 2011 4551
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Figure 4

The specific calpain inhibitor MDL28170 prevents progression of MCT-induced pulmonary hypertension and pulmonary vascular remodeling in
rats. Male Sprague-Dawley rats 8 weeks of age were injected subcutaneously without or with MCT (60 mg/kg). After 2 weeks, pulmonary hyper-
tension and pulmonary vascular remodeling were determined in control and MCT-injected rats (MCT 2 weeks). At the same time (the beginning of
third week), groups of control rats (MDL28170) and MCT-injected rats (MCT 3 wk + MDL28170) began receiving MDL28170 (20 mg/kg, i.p.) once
daily. A second group of MCT-injected rats received the same volume of vehicle (MCT 3 wk). Pulmonary hypertension and pulmonary vascular
remodeling were assessed 1 week later (3 weeks after MCT injection). (A) Changes in RVSP. (B) Changes in RV/LV+S. (C) Representative
images of lung sections of rats. Original magnification, x400. (D) Changes in ratio of wall area to total vessel area in the lung sections of rats.
(E) Protocol for time course of this experiment. Results are expressed as mean + SEM; n = 6 experiments. *P < 0.05 versus control; **P < 0.05
versus MDL28170; #P < 0.05 versus MCT 2 wk; ##P < 0.05 versus MCT 3 wk.

alterations in level of intracellular collagen I protein are in line with
the levels of collagen I protein in culture medium, suggesting that
collagen I is secreted into extracellular space. The increases in the
protein and mRNA levels of collagen I were not due to increases in
the number of cells caused by increased proliferation, as these results
were normalized to internal control levels of GAPDH or 18S RNA.

Inhibition of calpain using the specific calpain inhibitor MDL28170 and
siRNAs against calpain-1 and calpain-2 block EGF- and PDGF-BB—induced
increases in collagen synthesis and proliferation of PASMCs. To investigate
the role of calpain on EGF- and PDGF-BB-induced increases in col-
lagen synthesis and cell proliferation, we incubated PASMCs with or
without EGF and PDGF-BB (10 ng/ml) in the presence and absence
of MDL28170 (20 uM) for 24 hours, after which protein levels of
intracellular collagen I, COL1AT mRNA levels, and cell proliferation
were measured. As shown in Figure 6, increases in levels of collagen
protein, COLIAI mRNA, and cell proliferation induced by EGF
and PDGF-BB were blocked by the presence of MDL28170, indi-
cating that calpain is involved in the EGF- and PDGF-BB-induced
increases in collagen synthesis and proliferation of PASMCs.

To investigate which isoform of calpain (calpain-1 or calpain-2)
is involved in EGF- and PDGF-BB-induced increases in collagen
synthesis and cell proliferation, we knocked down expression of’
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calpain-1 or calpain-2 proteins in PASMCs using their siRNAs. As
shown in Figure 7A, transfection of PASMCs with siRNA targeting
the mRNA of calpain-1 or calpain-2 significantly reduced the pro-
tein levels of calpain-1 or calpain-2 without affecting the expression
of calpain small unit (calpain-4) or calpastatin. Knocking down the
protein expression of calpain-1 or calpain-2 prevented EGF-induced
increases in calpain activity (Figure 7B), intracellular collagen I pro-
tein levels (Figure 7, C and D), and cell proliferation (Figure 7E).
These results suggest that calpain-1 and calpain-2 act cooperatively
and play important roles in mediating EGF- and PDGF-BB-induced
increases in collagen synthesis and cell proliferation of PASMCs.
EGF and PDGF increase intracellular active TGF-$1 and phos-
phorylation of Smad2/3 in PASMCs. To study the effects of EGF
and PDGF on the activation of TGF-f1, we incubated PASMCs
with PDGF-BB (10 ng/ml) for 0.5-24 hours and then measured
intracellular levels of active TGF-f1, p-Smad2/3, total Smad2/3,
and intracellular collagen I by Western blot analysis. As shown
in Figure 8, A and B, incubation of PASMCs with PDGF-BB
increased intracellular active TGF-B1 at 0.5-12 hours, p-Smad2/3
at 2-4 hours, and collagen I at 12-24 hours. The time course of
the increase in intracellular active TGF-f1 corresponded with
that of calpain activity (Figure 8C), suggesting that calpain is
Volume 121
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EGF and PDGF increase calpain activity, collagen synthesis, and cell proliferation in PASMCs. PASMCs were incubated with EGF and PDGF-BB
(8-30 ng/ml) for 1-24 hours, after which calpain activity (A and E), collagen | protein content in the cell lysates and culture medium (B and F),
COL1A7 mRNA (C and G), and cell proliferation (D and H) were measured as described in Methods. (B and F) Representative immunoblots from
4 experiments. Results are expressed as mean + SEM; n = 4 experiments. *P < 0.05, **P < 0.01 versus control (0 ng/ml).

involved in the activation of intracellular TGF-B1. To further
confirm EGF- and PDGF-BB-induced activation of TGF-$1, we
determined levels of active TGF-f1 and total TGF-B1 in the cells
and in the medium using a TGF-B1 ELISA. We found that incuba-
tion of PASMCs with EGF and PDGF-BB (10 ng/ml) for 2 hours
increased intracellular active TGF-B1 (Figure 8, D and E). How-
ever, levels of intracellular total TGF-f31 as well as active TGF-$1
and total TGF-B1 in the medium were comparable between EGF-
and PDGF-BB-treated cells and control cells (Figure 8, D and E).
These data suggest that EGF- and PDGF-BB-induced collagen
synthesis occurs through activation of intracellular TGF-B1.
Effects of anti—-TGF-p neutralizing antibody, SB431542, and the Smad2/3
inhibitor SIS3 on EGF- and PDGF-BB—-induced phosphorylation of Smad2/3
and collagen synthesis in PASMCs. To further confirm the role of acti-
vation of intracellular TGF-B1 in EGF- and PDGF-BB-induced
collagen synthesis, we cultured PASMCs in Transwell inserts with
0.4-um pores. A cell-impermeable anti-TGF-f neutralizing antibody
was added to the culture medium in and underneath the inserts to

The Journal of Clinical Investigation

http://www.jci.org

neutralize TGF-B1 in the extracellular space. As shown in Figure 9,
A and B, and Figure 10, A and B, this anti-TGF-f neutralizing anti-
body did not affect EGF- and PDGF-BB-induced phosphorylation
of Smad2/3 and collagen synthesis in PASMCs. However, the anti-
TGF- neutralizing antibody blocked the effect of active TGF-$1
when it was added in the culture medium (Supplemental Figure 7).
In contrast, the cell-permeable TGF-B1 receptor AlkS inhibitor
SB431542 prevented EGF- and PDGF-BB-induced phosphorylation
of Smad2/3 and collagen synthesis (Figure 9, C and D, and Figure 10,
C and D). These results provide additional evidence that EGF and
PDGF-BB induce intracellular activation of TGF-B1. Furthermore, the
Smad3 inhibitor SIS3 prevented EGF- and PDGF-BB-induced phos-
phorylation of Smad2/3 and collagen synthesis (Figure 9, E and F,
and Figure 10, E and F), suggesting that intracellular activation of
TGEF-B1 causes collagen synthesis through Smad2/3 signaling.
Inhibition of calpain blocks EGF- and PDGF-BB—induced increases in
intracellular active TGF-B1 and phosphorylation of Smad2/3 in PASMCs. As
shown in Figure 114, incubation of PASMCs with MDL28170 pre-
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Specific calpain inhibitor MDL28170 inhibits EGF- and PDGF-BB-induced increases in collagen synthesis and cell proliferation of PASMCs.
PASMCs were incubated with EGF (10 ng/ml) and PDGF-BB (10 ng/ml) in the presence and absence of MDL28170 (20 uM) for 24 hours, after
which intracellular collagen | protein content (A and D), COL71A7 mRNA (B and E), and cell proliferation (C and F) were measured as described
in Methods. (A and D) Representative immunoblots from 4 experiments. Results are expressed as mean + SEM; n = 4 experiments. *P < 0.05,

**P < 0.01 versus control.

vented EGF-induced increase in intracellular active TGF-31, as deter-
mined by Western blot analysis. Similar data were obtained when
intracellular active TGF-B1 was assayed using ELISA (Figure 11B).
Moreover, the increases in intracellular active TGF-f1 induced by
PDGF-BB was also prevented by MDL28170 (Figure 11C). Further-
more, inhibition of calpain using MDL28170 or siRNAs against cal-
pain-1 and calpain-2 prevented EGF- or PDGF-BB-induced phos-
phorylation of Smad2/3 (Figures 11, D-I). Together, these results
indicate that intracellular activation of TGF-f1 caused by calpain ini-
tiates Smad2/3 signaling in EGF- and PDGF-BB-treated PASMCs.
Colocalization of active TGF-B, AlkS, and calpain in the Golgi of
PDGF-BB—treated PASMCs. To determine whether the intracellular
localization of active TGF-f, AlkS, and calpain is in the Golgi, we
incubated PASMCs with PDGF-BB for 30 minutes. The cells were
then double stained for Golgi and active TGF-f, AlkS and active
TGF-B, or Golgi and calpain-1. We found that active TGF-f§ was
colocalized in the Golgi of cells treated with PDGF-BB for 30 min-
utes (Figure 12A). MDL28170 prevented the PDGF-BB-induced
increase in active TGF-f in the Golgi (Figure 12A). Furthermore,
incubation of PASMCs with PDGF-BB for 30 minutes caused an
increase in colocalization of calpain-1 in the Golgi (Figure 12B).
Importantly, we found that active TGF-f} was colocalized with
AlkS in PDGF-BB-treated PASMCs (Figure 12C). The increase in
AlkS in the Golgi was not due to an increase in the protein level
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of AlkS, because this was comparable in PDGF-BB-treated and
control cells (Supplemental Figure 11B). Together, these results
indicate that a calpain-activated intracellular TGF-f signaling
pathway truly exists in PASMCs.

Calpain-1 and-2 activate latent TGF-B1 in vitro. To determine whether
calpain activates TGF-f1 by cleavage of latent TGF-f1, we incubat-
ed purified latent TGF-1 overnight with calpain-1 (0-158 U/ml)
or calpain-2 (0-173 U/ml) in the presence of 5 mM calcium. Active
TGF-B1 in the mixture was assayed using Western blot and ELISA.
As shown in Figure 13, incubation of latent TGF-B1 with calpain-1
and -2 caused concentration-dependent increases in the cleavage
of latent TGF-B1 and in active TGF-B1. The effects of calpain-1
and -2 could be prevented by MDL28170. These results indicate
that calpain activates TGF-1 by cleaving latent TGF-f1.

EGEF, PDGEF, and MDL28170 do not affect apoptosis and protein levels of
PTEN, PP2A-B56-a,, and PP2A-56-3 in PASMCs. To rule out the pos-
sibility that calpain-mediated collagen synthesis and intracellular
TGF-B1 activation are due to changes in apoptosis and levels of
phosphatase and tensin homolog on chromosome 10 (PTEN),
protein phosphatase 2A-B56-a. (PP2A-B56-a), and PP2A-56-f3,
we examined apoptosis and protein levels of PTEN, PP2A-B56-a.,
and PP2A-56-f3 in PASMCs incubated with PDGF-BB, EGF, or
MDL28170. We found that PDGF-BB (10 ng/ml, 24 hours) and
MDL28170 (20 uM, 24 hours) did not cause any changes in FITC-
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Knockdown of calpain-1 and calpain-2 attenuates EGF-induced increases in calpain activity, collagen synthesis, and cell proliferation. PASMCs
were transfected with an siRNA against the mRNA of calpain-1, calpain-2, or control (luciferase) siRNA. After 96 hours, the cells were incubated
with EGF (10 ng/ml) for 1-24 hours, and then protein content of calpain-1, calpain-2, small unit (calpain-4), and calpastatin (A); calpain activity
(B); intracellular collagen | protein content (C and D); and cell proliferation (E) were measured as described in Methods. (A and C) Representative
immunoblots of calpain-1, calpain-2, calpain-4, calpastatin, and collagen | from 4 experiments. (D) Changes in the intracellular collagen | protein
content quantified by scanning densitometry. Results are expressed as mean + SEM; n = 4 experiments. *P < 0.05 versus vehicle (without EGF);

#P < 0.05 versus vehicle (without EGF) in control siRNA.

active caspase-3 in PASMCs (Supplemental Figure 8). Moreover,
incubation of PASMCs with EGF (10 ng/ml) or MDL28170 (20 uM)
for 24 hours did not affect protein levels of PTEN, PP2A-B56-a., or
PP2A-56-f in PASMCs (Supplemental Figure 9). These data indi-
cate that calpain-mediated collagen synthesis and intracellular
TGF-B1 activation are not due to changes in apoptosis and levels
of PTEN, PP2A-B56-c, and PP2A-56-p.

Effects of neutralizing anti—-TGF-f antibody and the AlIkS inhibitor
SB431542 on chronic hypoxia-induced pulmonary hypertension and
pulmonary vascular remodeling. We further investigated whether
intracellular TGF-B1 activation and signaling occur in pulmonary
vascular remodeling and pulmonary hypertension in vivo. Mice
were exposed to room air (normoxia) or 10% oxygen (hypoxia).
At the beginning of the second week, groups of normoxic and
hypoxic mice were injected with neutralizing anti-TGF-f antibody
or SB431542. Three weeks after hypoxia, plasma TGF-f1 levels,
pulmonary hypertension, and pulmonary vascular remodeling
were assessed. As shown in Figure 14, cell-impermeable neutraliz-
ing anti-TGF-f} antibody dramatically decreased the level of active
TGF-B1 in plasma, but it failed to block chronic hypoxia-induced
increases in RVSP, RV/LV+S ratio, and thickness of pulmonary
arterial walls. However, the cell-permeable TGF-f1 receptor AlkS
inhibitor SB431542 prevented chronic hypoxia-induced increas-
es in RVSP, RV/LV+S ratio, and thickness of pulmonary arterial
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walls (Figure 14). The aggregate results, which agree with our prior
observations in the MCT model of pulmonary hypertension (17),
suggest that it is intracellular TGF-B1, which is activated by cal-
pain, that mediates pulmonary vascular remodeling and pulmo-
nary hypertension induced by hypoxia.

Higher levels of calpain activation and active TGF-B in smooth muscle
cells of muscular pulmonary arteries of patients with pulmonary arte-
rial hypertension. To address the clinical relevance of these obser-
vations in animal models, we determined levels of the specific
calpain cleavage product SBDP and of active TGF-} in smooth
muscle cells of pulmonary arteries. As shown in Figure 15, the
smooth muscle cells of pulmonary arteries of patients with idio-
pathic pulmonary arterial hypertension contained higher levels of
SBDP, a specific calpain degradation product, and active TGF-f},
findings that are also in line with our prior data (19). Togeth-
er, these results indicate that calpain activity and active TGF-f3
are increased in smooth muscle cells of pulmonary arterioles in
patients with pulmonary hypertension.

Knockout of calpain-4 decreases endothelium-dependent relaxation and
smooth muscle contractility. As shown in Supplemental Figure 10, A
and B, endothelium-dependent relaxation induced by acetylcho-
line was much lower in pulmonary arteries from ER-Cre”-Capn4f
mice than control mice. However, smooth muscle contraction
induced by phenylephrine was reduced in pulmonary arteries from
Volume 121~ Number 11
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Figure 8 Golgi. Thus, these observations

EGF and PDGF-BB induce increases in intracellular active TGF-$1 and phosphorylation of Smad2/3 in
PASMCs. (A) Representative immunoblots of intracellular active TGF-f31, p-Smad2/3, total Smad2/3, and
collagen | in the lysates of PASMCs incubated with or without PDGF-BB (10 ng/ml) for 0.5—24 hours. (B)
Changes in intracellular active TGF-p1, p-Smad2/3, and collagen | protein content quantified by scan-
ning densitometry. (C) Time-dependent changes in calpain activity in PASMCs incubated with or without
PDGF-BB (10 ng/ml) for 0.5-24 hours. (D) ELISA assay of the content of active TGF-f1 and total TGF-{31
in the lysates and medium of PASMCs incubated with or without EGF (10 ng/ml) for 2 hours. (E) ELISA
assay of the content of active TGF-B1 and total TGF-p1 in the lysates and medium of PASMCs incubated
with or without PDGF-BB (10 ng/ml) for 2 hours. Results are expressed as mean + SEM; n = 4 experi-

indicate that calpain mediates
collagen synthesis induced by
EGF and PDGF via activation
of intracellular TGF-B1 (Supple-
mental Figure 12).

To examine the role of calpain
in the pathogenesis of pulmonary
hypertension, we used two animal

ments. *P < 0.05 versus vehicle (without EGF or PDGF).

ER-Cre”/~Capn4"/ mice (Supplemental Figure 10, C and D). Knock-
out of calpain-4 did not affect NO donor sodium nitroprusside-
induced (SNP-induced) relaxation (Supplemental Figure 10E).
Effects of PDGF-BB and MDL28170 on cell migration and protein levels of
CTGF and AlkS in PASMCs. As shown in Supplemental Figure 11, Aand
B, PDGF-BB induced increases in cell migration and connective tis-
sue growth factor (CTGF) protein levels in PASMCs. These increases
could be inhibited by MDL28170. PDGF-BB and MDL28170 did not
affect AlkS protein levels in PASMCs (Supplemental Figure 11B).

Discussion

We show here that calpain plays an important role in hypox-
ia- and MCT-induced pulmonary vascular remodeling and
pulmonary hypertension. We found for the first time to our
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models: a hypoxic mouse model

and an MCT-induced rat model.

We found that conditional knock-
out of calpain-4 caused decreases in the levels of calpain-4 protein
and the specific calpain degradation product SBDP in pulmonary
artery smooth muscle layers, indicating that calpain inhibition was
achieved. Because calpain activity is required for calpain gene expres-
sion (42), the calpain-4 knockout also decreased calpain-1 and -2
protein levels. Thus, besides reduction of calpain-4, decreases in
calpain-1 and -2 may also contribute to the inhibition of calpain
activity in ER-Cre”~Capn4"f mice. Our results indicate that calpain-4
knockout results in impairment of hypoxia-induced calpain activa-
tion and prevents over-deposition of collagen I and thickening of
the smooth muscle layer of pulmonary arterioles in the lungs of
hypoxic mice. More importantly, the calpain-4 knockout attenu-
ates increases in RVSP and thickness of the right ventricular wall.
These data indicate that inhibition of calpain prevents pulmonary
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vascular remodeling in hypoxia-induced pulmonary hypertension.
In the MCT-induced pulmonary hypertension model, we observed
a progressive increase in SBDP levels in the smooth muscle layer of
pulmonary arterioles, suggesting that calpain is activated in the pul-
monary artery of rats receiving MCT. Administration of MDL28170
to rats with established pulmonary hypertension prevented MCT-
induced calpain activation and inhibited increases in RVSP and wall
thickness of the pulmonary artery and right ventricle and in col-
lagen I protein in the smooth muscle layer of pulmonary arterioles.
These results indicate that calpain inhibition prevents the progres-
sion of pulmonary vascular remodeling of established pulmonary
hypertension induced by MCT.

EGF and its receptor EGFR have been reported to participate in
the process of pulmonary vascular remodeling in animal models
of pulmonary hypertension (2, 5-8). Sheng et al. (10) reported that
hypobaric hypoxia increases EGFR protein expression in pulmo-
nary arteries of ovine fetuses and that hypoxia-induced prolifera-
tion of fetal ovine pulmonary vascular smooth muscle cells can be
prevented by the EGFR inhibitor AG1478. Merklinger et al. (11)
found that the EGFR inhibitor PKI166 reverses established MCT-
induced pulmonary hypertension in rats. Dahal et al. (43) reported
that the EGFR inhibitors gefitinib, erlotinib, and lapatinib reduce
pulmonary vascular remodeling in a model of established pulmo-
nary hypertension induced by MCT, but not in mice with chronic
hypoxia. Our data show that chronic hypoxia does not increase
EGF levels in mouse lungs, but EGF levels are increased in rat
lungs of MCT-induced pulmonary hypertension. Together the
results indicate that EGF signaling contributes to MCT-induced
pulmonary hypertension, but its role in hypoxia-induced pulmo-
nary hypertension remains unclear.

PDGEF and its receptor are upregulated in pulmonary arteries of
patients with pulmonary hypertension (12, 13) and rodents exposed
to chronic hypoxia and MCT (7, 14, 15). The PDGF receptor antago-
nist STIS71 (imatinib) is reported to prevent or reverse elevated right
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ventricular pressure and pulmonary vascular changes induced by
hypoxia and MCT (13). Consistent with this observation, we found
that PDGF-BB was increased in lungs of mice exposed to chronic
hypoxia and lungs of rats treated with MCT. Thus, it appears that
there is agreement regarding the role of PDGF signaling in both
hypoxia- and MCT-induced pulmonary hypertension.

EGF and PDGF have been reported to activate calpain-1 and cal-
pain-2 (33,44, 45). The mechanism is related to increased intracellular
Ca?" and MAP kinase activation through EGF and PDGF receptors
(33-35). In this study, we have demonstrated that treatment with
EGF or PDGF-BB increases calpain activity, collagen I synthesis, and
cell proliferation in PASMCs. We have also shown that inhibition of
calpain by calpain inhibitor or by siRNA directed against calpain-1
or calpain-2 attenuates EGF- and PDGF-BB-induced increases in cal-
pain activity, cell proliferation, and collagen I synthesis in PASMCs.
These data provide the first evidence to our knowledge that calpain-1
and calpain-2 play a mediating role in EGF- and PDGF-BB-induced
collagen I synthesis and cell proliferation in PASMCs.

We further studied the signaling pathway downstream of calpain in
EGF- and PDGF-induced collagen I synthesis and cell proliferation
in PASMCs. Calpain can be proapoptotic or antiapoptotic depend-
ing on the inducers (46). However, we did not observe any changes in
FITC-active caspase-3 in PDGF-BB- or MDL28170-treated PASMCs
(Supplemental Figure 8), indicating that an alteration in apoptosis
is unlikely to contribute to calpain-regulated collagen I synthesis
and cell proliferation. On the other hand, calpain acts via limited
proteolysis of substrate proteins. Several proteins that regulate col-
lagen synthesis, such as PTEN and PP2A, have been reported to be
the substrates for calpain (47, 48). PTEN has been reported to be a
potent endogenous inhibitor of collagen synthesis (49). However, we
did not observe any changes in the protein levels of PTEN or PP2A in
EGF- and PDGF-BB-treated PASMCs (Supplemental Figure 9), sug-
gesting that PTEN or PP2A are unlikely to be involved downstream
of calpain in EGF- and PDGF-induced collagen I synthesis.
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Figure 10

Effects of anti—-TGF-f neutralizing antibody, the
TGF-B1 receptor inhibitor SB431542, and the
Smad?2/3 inhibitor SIS3 on PDGF-BB—-induced
phosphorylation of Smad2/3 and intracellular
collagen | protein content in PASMCs. PASMCs
were incubated with PDGF-BB (A-F, 10 ng/ml)
in the presence and absence of anti—-TGF- neu-

tralizing antibody (1 ug/ml), SB431542 (10 uM),
and SIS3 (10 uM) for 4 hours (p-Smad?2/3, total
Smad2/3) or 24 hours (collagen | protein), after
which p-Smad2/3, total Smad2/3, and collagen |
protein were measured using Western blot analy-
sis. (A, C, and E) Representative immunoblots
of 4 experiments. (B, D, and F) Changes in
p-Smad2/3 and collagen | protein content quan-

tified by scanning densitometry. Results are
expressed as mean = SEM; n = 4 experiments.
*P < 0.05 versus control (without PDGF-BB).
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Interestingly, Abe et al. reported that latent TGF-B1 is a substrate
of calpain and that calpain activates TGF-f1 by cleaving latency-
associated peptide (LAP) on the surface of endothelial cells when
exogenous calpain is added to the culture medium (50). TGF-B1 is
synthesized as an inactive latent precursor, termed the small latent
TGF-B1 complex, that is composed of an N-terminal LAP and a
C-terminal mature TGF-f 1. After secretion from the cells, the small
latent TGF-B1 complex binds to a latent TGF-f1 binding protein
(LTBP) that directs the localization of the latent complex to the
extracellular matrix. To test the possibility that calpain-mediated
collagen I synthesis may involve the activation of TGF-f1 on the sur-
face or in the medium of PASMCs, we measured calpain activity and
content of active and total TGF-1 in the medium and cell lysates of
PASMCs. We found that calpain activity was too low to be detected
in the culture medium. The levels of active and total TGF-B1 in the
medium were not affected by EGF and PDGF-BB (Figure 8). How-
ever, the levels of active TGF-B1 in the cell lysates were increased
in EGF- and PDGF-treated cells. Moreover, EGF- and PDGF-BB-
induced increases in collagen I synthesis and Smad2/3 phosphory-
lation were prevented by cell-permeable specific inhibitors of AlkS
(SB431542) or Smad2/3 (SIS3) but not by cell-impermeable TGF-f1
neutralizing antibody. Thus, it is unlikely that TGF-B1 is activated
on the surface or in the medium of PASMCs. Our data support a
novel concept whereby EGF and PDGF-BB induce intracellular acti-
vation of TGF-f1, which initiates the Smad2/3 signaling pathway,
leading to collagen synthesis and proliferation of PASMCs.

We further determined whether intracellular activation of TGF-f1
is mediated by calpain. We found that incubation of purified latent
TGF-B1 with calpain-1 or -2 caused cleavage of latent TGF-B1 and
release of active TGF-B1. The specific calpain inhibitor MDL28170
and siRNAs against calpain-1 and calpain-2 attenuated EGF- and
PDGF-BB-induced increases in intracellular active TGF-p1 and
Smad2/3 phosphorylation in PASMCs (Figure 11). Taken together,
these observations support the hypothesis that an intracrine TGF-p1
signaling pathway exists in PASMCs. EGF- and PDGF-induced acti-
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vation of calpain initiates this intracrine TGF-B1 signaling pathway,
which plays an important role in EGF- and PDGF-BB-induced col-
lagen I synthesis and proliferation in PASMCs.

The small latent TGF-B1 complex and TGF-B1 receptors are
processed in the Golgi complex and endoplasmic reticulum. The
small latent TGF-B1 complex and TGF-f receptors are from either
de novo synthesis or clathrin-mediated endocytosis (51). The small
latent TGF-B1 complex does not bind to TGF-f} receptors without
prior activation. Our data show that latent TGF-B1 can be activated
intracellularly in PASMCs. Notably, intracellular activation of the
small latent TGF-B1 complex has also been observed in plasma cells
of autoimmune mice (52) and in hepatocytes of injured liver (36).
Interestingly, calpain colocalizes in the Golgi complex and endo-
plasmic reticulum (53). Thus, it is possible that the small latent
TGF-p1 complex in the Golgi complex or endoplasmic reticulum
could be activated by calpain. To test this possibility, we determined
the intracellular localization of active TGF-f, AlkS, and calpain in
PDGF-BB-treated PASMCs. We found that active TGF-3 was colo-
calized in the Golgi of PDGF-BB-treated cells and that MDL28170
prevented the PDGF-BB-induced increase in active TGF-f in the
Golgi. Furthermore, PDGF-BB caused an increase in colocalization
of calpain-1 in the Golgi and colocalization of active TGF-P and
AlkS in PASMCs. Therefore, a calpain-activated intracellular TGF-3
signaling pathway truly exists in PASMCs (Supplemental Figure
12). Nevertheless, intracellular binding of TGF-f to its receptor
may reduce TGF-f and its receptor trafficking to the cell surface
(54) and diminish the effect of extracellular TGF-f} on smooth mus-
cle cells. Further investigations are needed to test this possibility.

In our in vivo studies, we found that inhibition of calpain by
conditional knockout of calpain-4 did not significantly affect the
increase in hypoxia-induced PDGF-BB but did prevent increases
in active TGF-P1 and p-Smad2/3. Similarly, inhibition of calpain
using MDL28170 did not affect the increase in PDGF-BB but did
prevent increases in active TGF-B1 and p-Smad2/3 in lungs of rats
treated with MCT. These results suggest that the calpain-mediated
Volume 121 Number 11
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Inhibition of calpain blocks EGF- and PDGF-BB—-induced increases in intracellular content of active TGF-$1 and p-Smad2/3 in PASMCs.
PASMCs were incubated with EGF (10 ng/ml) or PDGF-BB (10 ng/ml) in the presence and absence of MDL28170 (20 uM) for 2 hours, after
which the intracellular content of active TGF-$1 (A) and p-Smad2/3 (D, E, H, and I) was measured using Western blot analysis; intracellular active
TGF-p1 content was also assayed using ELISA (B and C). (F and G) PASMCs were transfected with an siRNA against the mRNA of calpain-1 or
calpain-2 or control (luciferase) siRNA. After 96 hours, the cells were incubated with EGF (10 ng/ml) for 2 hours, and then the protein content of
p-Smad2/3 and total Smad2/3 was measured using immunoblotting. (A, D, F, and H) Representative immunoblots from 4 experiments. (E, G, and I)
Changes in p-Smad2/3 and total Smad2/3 content quantified by scanning densitometry. Results are expressed as mean + SEM; n = 4 experi-
ments. *P < 0.05, **P < 0.01 versus control (without EGF or PDGF-BB). #P < 0.05 versus vehicle group in control siRNA. MDL, MDL28170.

TGF-B1 signaling pathway may play an important role in pulmo-
nary vascular remodeling in hypoxia- and MCT-induced pulmonary
hypertension. Indeed, the TGF-B1/Smad pathway is critical in the
pathogenesis of pulmonary hypertension. It has been reported that
the TGF-B1/Smad pathway is upregulated in MCT- and chronic
hypoxia-induced pulmonary hypertension (6, 7) and patients with
pulmonary arterial hypertension (16). Inhibition of TGF-B1 sig-
naling prevents or attenuates pulmonary vascular remodeling and
elevated right ventricular pressure in animal models (6, 17, 18).

We then determined whether intracellular TGF-f} activation and
signaling occur in vivo. We found that chronic hypoxia-induced
pulmonary vascular remodeling and pulmonary hypertension were
prevented by the cell-permeable AlkS inhibitor SB431542 but not
by the cell-impermeable neutralizing anti-TGF-f antibody. These
results suggest that calpain-induced activation of intracellular
TGF-P1 signaling mediates pulmonary vascular remodeling and
pulmonary hypertension.

It has been reported that blockade of EGF and PDGF receptor
causes PASMC apoptosis, which is associated with regression of
medial hypertrophy (11, 13). However, calpain inhibition does not
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cause apoptosis of PASMC. Consistent with these findings, our
results show that calpain inhibition prevents progression of but
does not reverse MCT-induced pulmonary hypertension. These data
suggest that the apoptotic signal pathway caused by blockade of
EGF and PDGF receptor is not recapitulated by calpain inhibition.

Besides mediating collagen synthesis and cell proliferation
induced by EGF and PDGF-BB, calpain may play multiple roles
in pulmonary hypertension. We found that calpain partici-
pated in PDGF-BB-induced increases in CTGF and migration
of PASMCs. Dufty et al. (55) reported that calpain inhibition
decreases endothelin-1 levels and pulmonary hypertension after
cardiopulmonary bypass with deep hypothermic circulatory
arrest. Moreover, Tabata et al. (56) found that the calpain inhibi-
tor calpeptin prevents bleomycin-induced pulmonary fibrosis
in mice. Thus, CTGF, endothelin, and lung fibroblasts may also
contribute to the mediating role of calpain in pulmonary vas-
cular remodeling and pulmonary hypertension. Notably, cal-
pain inhibition affects vascular constriction and relaxation of
pulmonary arteries. For example, we have previously reported
that calpain inhibitors decrease gene expression of eNOS (57).
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Colocalization of active TGF-f, Alk5, and calpain in the Golgi. (A) After treatment with or without the calpain inhibitor MDL28170 (20 uM) for
30 minutes, PASMCs were incubated with PDGF-BB (10 ng/ml) for another 30 minutes. Then the cells were double stained for Golgi (red) and
active TGF-f3 (green) and counterstained by using DAPI (blue). (B and C) PASMCs were incubated with PDGF-BB (10 ng/ml) for 30 minutes and
then double stained for Golgi (red) and calpain-1 (green) or Alk5 (red) and active TGF-f (green) and counterstained with DAPI (blue). Images

are representative of 3 experiments. Original magnification, x400.

Youn et al. (58) found that calpain inhibition decreases VEGF-
induced eNOS phosphorylation at S1179. Although calpain can
degrade HSP90 (59), an eNOS activator, endothelium-dependent
vasorelaxation is reduced by calpain inhibitor (57) and calpain-4
knockout (Supplemental Figure 10). These data suggest that the
combined effect of calpain is to help endothelium-dependent
vasorelaxation. On the other hand, pulmonary arteries from cal-
pain-4-knockout mice exhibit reduced contractility of smooth
muscle, suggesting that calpain contributes to the processes of
vasoconstriction, which may counteract endothelium-dependent
vasorelaxation. Therefore, it is possible that vasoconstriction
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may contribute to the mediating role of calpain in pulmonary
vascular remodeling and pulmonary hypertension. Further stud-
ies are needed to test this possibility.

We noted that inhibition of calpain using MDL28170 or cal-
pain siRNAs causes a decrease in collagen synthesis in PASMCs,
indicating that calpain helps maintain normal collagen synthe-
sis of PASMCs. Nevertheless, conditional knockout of calpain
and MDL28170 did not affect RVSP, wall thickness of pulmo-
nary artery and right ventricle, or collagen I deposition in nor-
mal mice or rats. Our results showing that calpain inhibition
prevents the progression of established pulmonary hyperten-
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Calpain-1 and -2 activate latent TGF-$1 in vitro. (A and C) Purified latent TGF-$1 (30 ng/30 ul) was incu-
bated with calpain-1 (0-158 U/ml) or calpain-2 (0—173 U/ml) in the presence of 5 mM calcium overnight at
room temperature, after which the mixtures were subjected to Western blot analysis in non-denaturing and
non-reducing conditions. (B and D) Active TGF-B1 in the mixture was also assayed using ELISA. Results
are expressed as mean + SEM; n = 3 experiments. *P < 0.05 versus control (zero); **P < 0.05 versus cal-

pain-1 158 U/ml group; #P < 0.05 versus calpain-2 173 U/ml group.

sion without affecting pulmonary vascular function in normal
rodents suggest that calpain is a promising therapeutic target
for pulmonary hypertension.

Finally, we determined the level of calpain activation by measur-
ing levels of the specific calpain cleavage product SBDP and of
active TGF-f} in smooth muscle of pulmonary arterioles of pulmo-
nary hypertension patients. We observed increased calpain activ-
ity and active TGF- in smooth muscle of pulmonary arterioles
of pulmonary hypertension patients. These findings provide evi-
dence that calpain in pulmonary vascular smooth muscle might be
a novel target for intervention in pulmonary hypertension.

In summary, our findings provide evidence supporting the idea
that calpain mediates EGF- and PDGF-induced collagen synthesis
and proliferation of PASMCs via an intracrine TGF-B1 signaling
pathway (Supplemental Figure 12). Calpain plays an important
role in hypoxia- and MCT-induced pulmonary vascular remodel-
ing and pulmonary hypertension.

Methods

Reagents and materials. Human PASMCs and culture medium were
obtained from Lonza Walkersville Inc. EGF, VEGF, and PDGF-BB were
obtained from Sigma-Aldrich. MDL28170, the fluorogenic peptide
Suc-Leu-Leu-Val-Tyr-AMC, and purified calpain-1 and -2 were obtained
from Calbiochem. Anti-collagen I antibody was obtained from Novus
Biologicals. Anti-active TGF-B1 antibody, latent and active TGF-f1,
and ELISA kit for EGF, TGF-B1, and PDGF-BB were obtained from
R&D Systems (catalog numbers are indicated in the description of each
experimental procedure). Antibodies against GAPDH were obtained
from Cell Signaling Technology.

Conditional knockout of calpain-4. Because calpain-4 (small unit) is required
for the activity of both calpain-1 and -2, deletion of calpain-4 prevents
activation of both calpains. Targeted disruption of calpain-4 is embry-
onically lethal at days 10 and 11 as a result of severe defects in vascular
development (60). Therefore, we took advantage of mice homozygous for
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cre/Esr1)SAmc/] mice (The Jackson
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Capn4f/* mice. These mice were
then crossed with either Capnd/f or

Capn4/* mice to generate ER-Cre"/~

Capn4"f mice. PCR and Southern
blot analysis were used to genotype
these mice. Deletion of calpain-4
was induced by administration of
tamoxifen (20 mg/kg/d, i.p.) for
5 days and was confirmed by analy-

173 +
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1.73 17.3
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173 sis of calpain-4 using Western blot-
ting (Figure 1), fluorescence con-
focal microscopy (Supplemental
Figure 1), and Southern blotting
(Supplemental Figure 2) of lung tis-
sues. Control mice were littermate
Capndf or Capn4//* mice treated
with the same tamoxifen regimen.
Mice between 12 and 16 weeks of
age were used for the hypoxic pul-
monary hypertension model.
Hypoxic pulmonary hypertension model in mice. Five days after a regimen
of tamoxifen administration, control and ER-Cre”~Capn4"/' mice were
exposed to room air (normoxia) or 10% oxygen (hypoxia) in a clear plas-
tic polypropylene chamber (30 x 20 x 20 in.). The oxygen concentration
(10%) was maintained using ProOx Oxygen Controller (BioSpherix). The
chamber has ventilation holes and a small, quiet fan to provide forced cir-
culation and instant homogenization of gases. Litholyme CO, absorbent
(Allied Healthcare Products) kept the CO, concentration at less than 0.2%.
Boric acid was used to maintain minimal NHj levels within the chamber.
Relative humidity within the chamber was kept at less than 60% with anhy-
drous CaSO,. All animals had access to standard mouse chow and water ad
libitum under both normoxic and hypoxic conditions. After 3 weeks, pul-
monary hypertension and pulmonary vascular remodeling were assessed.
In another experiment, male C57BL/6 mice at 12 weeks of age were
exposed to normoxia or hypoxia as described above. At the beginning of
the second week, groups of normoxic and hypoxic mice were injected with
neutralizing anti-TGF-f} antibody (R&D Systems, AB-100-NA; 10 mg/kg,
i.p, twice a week) (62) or SB431542 (4.2 mg/kg, i.p., daily) (63). The doses of
neutralizing anti-TGF-f antibody and SB431542 were chosen according
to previous reports (62, 63). Three weeks after hypoxia, pulmonary hyper-
tension and pulmonary vascular remodeling were assessed. For measure-
ment of plasma TGF-f1 levels, blood was drawn through the right ven-
tricle after thoracotomy using a syringe rinsed with heparin (160 U/ml).
0.8 ml of blood was then mixed with 0.1 ml of heparin (160 U/ml)
on ice. The blood was immediately centrifuged at 1,000 g for 20 minutes
at 4°C. The supernatant was centrifuged again at 10,000 g for 10 minutes
at 4°C to completely remove platelets. The plasma preparations were
stored at -80°C. Active TGF-f1 levels in plasma were determined using
ELISA kits from R&D Systems (MB100B). A standard curve was made
using standard recombinant TGF-B1 from 31.2 to 1,000 pg/ml. The min-
imum detectable dose of TGF-f1 ranged from 1.7 to 15.4 pg/ml accord-
ing to the manufacturer’s instructions, and we could detect TGF-f1 as
low as 4.0 pg/ml. The remaining procedures were performed according
to manufacturer’s instructions.
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Effects of neutralizing anti-TGF-f antibody and Alk5 inhibitor SB431542 on chronic hypoxia—induced pulmonary hypertension and pulmonary vas-
cular remodeling. Mice were exposed to room air (normoxia) or 10% oxygen (hypoxia). At the beginning of second week, groups of normoxic and
hypoxic mice were injected with neutralizing anti-TGF-f antibody (10 mg/kg, i.p., twice a week) or SB431542 (4.2 mg/kg, i.p., daily). Three weeks
after hypoxia, plasma TGF-f31 levels, pulmonary hypertension, and pulmonary vascular remodeling were assessed. (A) Changes in active TGF-31
levels in plasma. (B) Changes in RVSP. (C) Changes in RV/LV+S. (D) Representative images of lung sections of normoxic or hypoxic mice with
or without neutralizing anti-TGF-f antibody and SB431542. Original magnification, x400. (E) Changes in ratio of wall area to total vessel area in
the lung sections. Results are expressed as mean + SEM; n = 6. *P < 0.05 versus normoxia; #P < 0.05 versus hypoxia group with vehicle.

MCT-induced pulmonary hypertension in rats. Male Sprague-Dawley rats
8 weeks of age were purchased from Charles River. Pulmonary hyperten-
sion was induced by a single subcutaneous injection of MCT (60 mg/kg).
Control rats received saline (0.5 ml, subcutaneously). After 2 weeks, pul-
monary hypertension and pulmonary vascular remodeling were deter-
mined in 6 control rats and 6 MCT-injected rats. At the beginning of the
third week after MCT treatment, another 6 control rats and 6 MCT-inject-
ed rats started to receive the calpain inhibitor MDL28170 (20 mg/kg,
i.p.) once daily. This dose was chosen based on prior experiments (64).
In addition, a second group of MCT-injected rats (n = 6) received the
same volume of vehicle (0.2 ml DMSO, i.p.). Pulmonary hypertension
and pulmonary vascular remodeling were assessed at the end of the third
week after MCT injection.

Assessment of pulmonary hypertension. Mice were anesthetized (pentobar-
bital, 90 mg/kg, i.p.), and the trachea was intubated. The right external
jugular vein was surgically exposed and cannulated with a 1.4-F microtip
pressure transducer catheter (Millar Instruments). The transducer was
advanced into the right ventricle, and right ventricular pressure was con-
tinuously monitored for 10 minutes. Heart rates (300-450 beats/min were
deemed acceptable) and pressure waveforms were monitored to ensure the
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validity of the pressure measurements. Data were recorded using a Power-
Lab data acquisition system (ADInstruments). These measurements were
made 2 hours after hypoxia.

Rats were anesthetized (pentobarbital, 50 mg/kg, i.p.) and the trachea
intubated. The right external jugular vein was surgically exposed and can-
nulated with a catheter connected to a pressure transducer (ADInstru-
ments). The catheter was advanced into the right ventricle, and right ven-
tricular pressure was continuously monitored for 10 minutes. Data were
recorded using a PowerLab data acquisition system.

Histological analysis. After hemodynamic measurements, the mice and rats
were euthanized by thoracotomy. The blood in pulmonary circulation was
rinsed by infusing PBS through the pulmonary artery, and the heart and
lungs were removed. The free wall of the right ventricle (RV), left ventricle
(LV), and septum (S) were then carefully dissected and individually weighed
to calculate the ratio RV/LV+S as an index of right ventricular hypertrophy.

The right lungs were removed and snap frozen in liquid nitrogen for
preparation of homogenates, and the left lungs were filled with 4% PFA
solution with 0.5% agarose at 25 cm H,O and fixed in 4% PFA for 24 hours.
The fixed lungs were then sliced mid-sagittally and embedded in par-
affin. The slides (7 um thickness) were stained with hematoxylin and
November 2011
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Levels of calpain activation and active TGF-f3 in smooth muscle cells of muscular pulmonary arteries of patients with pulmonary arterial hypertension.
(A and C) Higher level of calpain activation and active TGF- in smooth muscle of pulmonary arterioles of patients with pulmonary arterial hyper-
tension. Human lung slides were double stained for a-actin (red), SBDP (green), or active TGF-f (green) and counterstained by using DAPI
(blue). Images are representative of lung tissues from patients with idiopathic pulmonary arterial hypertension (n = 6) and normal lungs (n = 5).
Original magnification, x400. (B and D) Changes in calpain activity and intracellular active TGF-f in smooth muscle of pulmonary arterioles.

*P < 0.05 versus normal. Results are expressed as mean + SEM.

eosin for morphometric analysis and were examined with an Olympus
BX41 microscope. An Olympus DP72 digital camera and Image]J software
(http://rsbweb.nih.gov/ij/) were used to analyze slides. A minimum of
10 microscopic fields were examined for each slide. To quantitate pulmo-
nary arterial wall thickness, the lumen area at the level of the basement
membrane and total vascular area at the adventitial border in 20 muscular
arteries with diameter of 50-100 um per lung section were outlined, and
area sizes were measured using Image]. The vascular wall thickness was
calculated as follows: wall thickness = (total vascular area - lumen area)/
total vascular area.

To determine the extent of collagen deposition in pulmonary arterioles,
double immunostaining of collagen I/a-actin was performed. The lung
slides were incubated first with a goat polyclonal antibody against colla-
gen I (dilution 1:50, Novus Biologicals) and mouse monoclonal antibody
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against a-actin (dilution 1:700, Santa Cruz Biotechnology Inc.) overnight
and then with donkey anti-goat IgG-Alexa Fluor 488 and goat anti-mouse
IgG-Alexa Fluor 594 (dilution 1:500, Invitrogen). The slides were sealed
with mounting solution containing antifade reagent and were examined
using a Zeiss LSM 510 laser scanning confocal microscope.

Measurement of calpain activation in lung tissues. To measure the level
of calpain activation in pulmonary arterioles, SBDP was detected as
described previously (65, 66). Spectrin contains a specific calpain cleav-
age site and releases SBDP (67), which can be detected by antibody. This is
a widely accepted method to detect calpain activation in vivo (65, 66, 68).
Lung slides of 7-um thickness were incubated first with a rabbit
polyclonal antibody against SBDP (developed by our laboratory) and
mouse monoclonal antibody against a-actin overnight and then with
goat anti-rabbit IgG-Alexa Fluor 488 and goat anti-mouse IgG-Alexa
Volume 121~ Number 11
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Fluor 594. The slides were sealed with mounting solution containing
antifade reagent and DAPI and were examined using a Zeiss LSM 510
laser scanning confocal microscope.

Protein analyses in lung tissues. Protein levels of calpain-1, calpain-2, cal-
pain-4, calpastatin, collagen-1, Smad, and GAPDH in lung homogenates
were measured using Western blot analysis. The lung tissues were homog-
enated in RIPA buffer and mixed with Western blot sample buffer. Samples
(10-30 pg protein) were denatured and electrophoresed on SDS-PAGE gel.
Separated proteins were electrotransferred to nitrocellulose membranes,
incubated with 1% BSA for 1 hour, and then incubated with monoclonal
antibodies against calpain-1 (dilution 1:5,000, Triple Point Biologics),
calpain-2 (dilution 1:5,000, Triple Point Biologics), calpain-4, calpastatin
(dilution 1:1,000, Sigma-Aldrich), collagen I (dilution 1:1,000, Novus Bio-
logicals), phospho-Smad2/3 (dilution 1:100, Santa Cruz Biotechnology
Inc.), total Smad2/3 (dilution 1:1,000, Cell Signaling Technology), and
GAPDH (dilution 1:5,000, Cell Signaling Technology) overnight at 4°C
and then washed with 50 ml of 0.1% Tween 20, 20 mm Tris-HCI (pH 7.5),
and 150 mm NaCl (TTBS) 3 times for 10 minutes. Secondary antibody IgG
conjugated to alkaline phosphatase (Bio-Rad) was diluted in TTBS plus 1%
BSA and incubated with the membranes at room temperature for 1 hour.
After the membranes were washed with TTBS, enhanced chemilumines-
cence (Immun-Star, Bio-Rad) was used to visualize the reactive proteins,
followed by densitometric quantification using Image].

Active TGF-B1, total TGF-B1, EGF, and PDGF-BB in lung homogenates
were measured using ELISA kits from R&D Systems (MB100B, MEGO00,
MBBO00). Snap-frozen lung tissues were homogenized using a BulletBlender
tissue homogenizer (Next Advance) after thawing in PBS containing protease
inhibitors (1 protease inhibitor cocktail tablet per 10 ml buffer, 11836170001,
Roche Applied Science). The homogenates were centrifuged at 10,000 g for
30 minutes at 4°C. The supernatants were used in assays of TGF-1, EGF,
and PDGF-BB without further freezing/thawing. The TGF-f1 assay only
measures biologically active TGF-f1. One aliquot was assayed to detect total
TGF-B1 by incubating with 1 N HCl to activate latent TGF-f1; the other
aliquot was assayed without adding 1 N HCI for detection of active TGF-B1.
A standard curve was made using standard recombinant TGF-B1 from 31.2
to 1,000 pg/ml. The minimum detectable dose of TGF-f1 ranged from 1.7
to 15.4 pg/ml according to the manufacturer’s instructions; we were able
to detect TGF-B1 as low as 4.0 pg/ml. The concentrations of active TGF-1
in undiluted supernatant without adding 1 N HCI ranged from 46 to 117
pg/ml. The total protein levels were measured using a Pierce BCA assay kit
from Fisher Scientific (catalog 23225). The normalized TGF-B1 concentra-
tions (ng/mg protein) were calculated by dividing TGF-p1 concentrations
(ng/ml) by total protein concentration (mg/ml). The remaining procedures
were performed according to the manufacturer’s instructions.

Intracellular calpain activation and active TGF-B in human lung samples.
Human lung slides were obtained from lung tissues of patients undergo-
ing lung transplantation for idiopathic pulmonary arterial hypertension
(n = 6) and from unused donor lungs (normal lungs, n = 5). These samples
were provided by the University of Colorado Denver and the Pulmonary
Hypertension Breakthrough Initiative (PHBI). To measure the level of cal-
pain activation in pulmonary arterioles, the specific calpain cleavage prod-
uct SBDP was detected as described above. The slides were double labeled
for SBDP and o-actin and counterstained using DAPI. Intracellular active
TGF-f was stained using cryosectioned slides and anti-TGF-f3 antibody
(R&D Systems, MAB1835, clone 1D11), which specifically detects the bio-
logically active TGF-B. This method has been widely used to stain active
TGF-f in tissues (36, 69-71). The fluorescence-labeled slides were exam-
ined using a Zeiss LSM 510 laser scanning confocal microscope. The yellow
color indicates colocalization of SBDP and a-actin or intracellular active
TGF-f and a-actin. The area of yellow color was measured using Image].
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Cell culture. Human PASMCs were purchased from Lonza and cultured
according to the supplier’s instructions. Third- to eighth-passage cells
equilibrated in growth factor-free medium for 24 hours were used for
all experiments.

Measurement of calpain activity in PASMCs. Calpain activity in PASMC was
measured using the fluorogenic peptide Suc-Leu-Leu-Val-Tyr-AMC as a
substrate following a procedure described previously (72) with slight modi-
fication. Briefly, cells were cultured in 24-well plates. After being washed
twice with PBS, Suc-Leu-Leu-Val-Tyr-AMC was added to a final concentra-
tion of 80 uM in growth factor-free medium in the presence and absence of
MDL28170. Immediately after the addition of Suc-Leu-Leu-Val-Tyr-AMC,
fluorescence was recorded at 2-minute intervals for 20 minutes at excita-
tion 360 nm and emission 460 nm using a SpectraMax M2e microplate
reader (Molecular Devices). Calpain activity was expressed as fluorescence
units in the absence of MDL28170 subtracted by fluorescence units in the
presence of MDL28170.

Cell proliferation assay. Proliferation of PASMCs was assayed with a kit
from Roche that monitors the incorporation of BrdU into newly syn-
thesized DNA. BrdU was detected using anti-BrdU-peroxidase conjugate
in accordance with the manufacturer’s instructions. After the reactions
were stopped, absorbance at 450 nm was measured by using a Spectra-
Max M2e microplate reader.

Determination of COLIAI mRNA. After treatment, total RNA of PASMCs
was extracted by using an RNeasy Mini kit from QIAGEN according to the
manufacturer’s protocol. To measure COLIAI mRNA, quantitative real-
time RT-PCR was performed using TaqMan gene expression assay from
Applied Biosystems (assay ID: Hs00164004_m1 for human COLIAI; prim-
er sequences have not been disclosed by the company). ABI 7500 Sequence
Detector (PerkinElmer Applied Biosystems) was programmed for the PCR
conditions: 95°C for 10 minutes, 40 cycles of 95°C for 15 seconds, and
60°C for 1 minute. COLIAI mRNA content was expressed as 2-42¢T using
18s rRNA as a reference.

siRNA knockdown of calpain-1 and calpain-2. Expression of calpain-1 and
calpain-2 was silenced using siRNA technology (73). The target sequences
for the mRNA of calpain-1 and calpain-2 were 5'-AAGCTAGTGTTCGTG-
CACTCT-3" and 5'-AAACCAGAGCTTCCAGGAAAA-3, respectively. The
siRNA against luciferase mRNA was used as a control siRNA with a tar-
get sequence of 5'-AACGTACGCGGAATACTTCGA-3'. The calpain and
luciferase siRNAs were custom synthesized by QIAGEN. All siRNAs were
transfected into PASMCs using QIAGEN RNAiFect transfection reagent in
accordance with the manufacturer’s instructions. Three days after transfec-
tion, the medium was changed to serum-free medium. Levels of calpain-1,
calpain-2, and other proteins were determined after 96 hours.

Activation of latent TGF-B1 by calpain in vitro. Purified latent TGF-B1 (R&D
Systems, 299-LT/CF, final concentration, 1.0 ng/ul) was incubated with puri-
fied calpain-1 (Calbiochem, 208712, 0-158 U/ml) or calpain-2 (Calbiochem,
208718, 0-173 U/ml) in 200 wl DMEM medium containing 5 mM calcium
at room temperature overnight, after which the mixtures were subjected
to Western blot analysis in non-denaturing and non-reducing conditions.
30 ul of mixture was mixed with 8 ul of native sample buffer (Bio-Rad,
161-0738) and then directly loaded onto a Tris-Tricine precast gel (Bio-
Rad, 345-0067). After transfer, latent and active TGF-f31 were detected on
the membranes using anti-TGF-B1 antibody (R&D Systems, MAB240) as
previously reported (74). In the meantime, the identity of the band for the
putative active TGF-B1 was verified by mass spectrometry. Active TGF-}1
in the mixture was also assayed using ELISA kits from R&D Systems
(DB100B) as described above.

Confocal microscopy of PASMCs. To determine the intracellular localization
of active TGF-f3, AlkS, and calpain, PASMCs were incubated with PDGF-BB
(10 ng/ml) for 30 minutes. Then cells were double stained using antibodies
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against Golgi (Abcam, Ab52649) and active TGF-f§ (R&D Systems,
MAB1835, clone 1D11), AlkS (Santa Cruz Biotechnology Inc., SC-398) and
active TGF-f, or Golgi and calpain-1 (Enzo Life Sciences, ALX-804-050).
The fluorescence-labeled cells were examined using a Zeiss LSM 510 laser
scanning confocal microscope.

Assay of PASMC migration. Migration assays were performed using a Boy-
den chamber (Neuroprobe) as described previously (75). PASMCs were
digested with 0.05% trypsin and dispersed into homogeneous cell suspen-
sions that were placed in the upper chamber of a 48-well Boyden chamber
in the presence or absence of PDGF-BB (10 ng/ml) or MDL28170 (20 uM)
in both upper and lower chambers. The cells were allowed to migrate for
4 hours. Cells that migrated to the lower sides of the filter membranes
were fixed and subjected to hematoxylin and eosin staining. The results are
expressed as the number of migrated cells per square millimeter.

Apoptosis assay. Apoptosis of PASMCs treated with PDGF-BB or
MDL28170 for 24 hours was evaluated by flow cytometric analysis of apop-
totic cells for active caspase-3 using an FITC Active Caspase-3 Apoptosis
Kit (BD Biosciences — Pharmingen, 550480). PASMCs treated with 3 mM
H,O, were used as positive control.

Determination of endothelinm-dependent vasorelaxation, smooth muscle contrac-
tility, and reactivity to NO. Main pulmonary arteries were isolated from cal-
pain-4-knockout mice and control mice and cleaned and cut into 1.5-mm
rings. The pulmonary artery rings were mounted under a resting tension
of 5.0 mN in a myograph organ bath chambers (Danish Myo Technology
A/S) filled with Krebs solution at 37°C (pH 7.4) and continuously bubbled
with a mixture of 95% O, and 5% CO,. Isometric force was recorded using
a PowerLab/8SP data acquisition system (ADInstruments). The tissues
were allowed to equilibrate for 1 hour before starting the experiments.
After equilibration, pulmonary artery rings were contracted with high-KCI
solution (80 mM) to verify the viability of the preparations. After washing
out the KCI, cumulative concentration-response curves to acetylcholine
(0.001-10 uM) were obtained after pre-contraction with phenylephrine
(1 uM). The endothelium-dependent vasorelaxation was expressed as a
percentage of phenylephrine contraction. In another set of experiments,
cumulative concentration-response curves to sodium nitroprusside (SNP;
0.0001-1 uM) or phenylephrine (0.001-10 uM) were also performed in
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endothelium-denuded pulmonary artery rings from control and calpain-4-
knockout mice. Smooth muscle contractility was expressed as a percentage
of KCl contraction. The reactivity to NO was expressed as a percentage of
phenylephrine contraction.

Statistics. Results are shown as the mean + SEM for n experiments. One-
way ANOVA and ¢ test analysis (2-tailed) were used to determine the sig-
nificance of differences between the means of different groups. A P value
less than 0.05 was considered statistically significant.

Study approval. All animal experiments were performed in accordance
with the guiding principles of the NIH Guide for the Care and Use of Labo-
ratory Animals and approved by the JACUC of the Georgia Health Sci-
ences University. In the studies of human lung samples, patient identi-
fiers including name, age, sex, and ethnic group were concealed. Waiver
of informed consent was approved by the Human Assurance Committee
(HAC) of the Georgia Health Sciences University and Institutional Review
Board (COMIRB) of the University of Colorado and by PHBIL.
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